4
bottom electrodes. 19, 20 Different substituents have also been directly attached to a poly(thiophene) backbone with the aim of changing its band gap, 21 but this approach has proven to be less effective than using the original P3HT/PC 61 BM system. Further chemical modification of the side chains of P3HT and its resulting effect on solar cell performance is mostly unexplored, with reported examples of side-chain functionalization mainly centered on the exploration of solubility 22, 23 and sensing applications. 24 In this study we present a new class of designer additives based on regioregular poly(thiophene)s, where the side chains of the polymer have been functionalized at the termini in every other thiophene unit. We hypothesize that mixtures of these regioregular additives with rr-P3HT/PC n BM would demonstrate better PCEs compared to binary rr-P3HT/PC n BM mixtures due to improved interactions at the interface between the polymer and fullerene phases enabled by side-chain functionalization. We note that our goal is not to produce champion devices but, rather, to study the effects of subtle chemical-structure modifications on a benchmark OPV material system. Additive Design and Synthesis. As shown in Scheme 1A, six different AB-alternating side-chain functionalized poly(thiophene) additives to the P3HT/PC n BM system are synthesized in this study. Poly(thiophene) P1 contains a non-conjugated phenyl moiety in its side chain in order to elucidate the effects of introducing structural complexity at side-chain termini in a benchmark polymeric donor material. To further elaborate on this concept, polymers P2-6 are also explored as additives: the effects of steric bulk or congestion can be revealed by P2, P4
Results

Scheme 1. (A) Structures of regioregular P3HT (rr-
and P5, while the effects of having weak, isolated dipoles at side-chain termini can be investigated using P3
(which contains electron-rich anisole moieties) and P6 (which contains electron-deficient perfluorophenyl moieties). Triptycene-containing polymer P5 is also chosen because triptycene has been reported to be capable of interacting with fullerene analogues and forming highly-ordered arrays in the solid state. 25 As shown in Scheme 1B-C, polymers P1-6 are synthesized starting from bithiophene derivative 1, which is obtained from 3-bromothiophene following modified literature procedures (see Supporting Information for detailed synthetic protocols and characterization). Monomers M1 and M3-6 are accessed in good yield by subjecting compound 1 to Williamson ether synthesis conditions with the corresponding phenol. Subsequent nickel-catalyzed Grignard metathesis (GRIM) polymerization 26, 27, 28 of M1 and M3-6 yields P1 and P3-6 in high yields (Scheme 1B). 29, 30, 31 Considering that an iodophenyl moiety could be competitively metallated under standard GRIM polymerization conditions and introduce unwanted side reactions, polymer P2 is synthesized following Route 2 (Scheme 1C). Bromobutane-containing polymer P7 is synthesized by GRIM polymerization of 1, and subsequent post-polymerization functionalization with 4-iodophenol yields P2 in moderate yield and with a high degree of substitution (99%) on the side-chain.
The poly(thiophene) additives thus obtained have number-averaged molecular weights (M n s) of 16 ± 2 KDa and polydispersities (PDIs) of 1.3 ± 0.1. In comparison, the commercial rr-P3HT used as the majority donor material in BHJ OPVs has a M n of 45 KDa and a PDI of 1.7.
Additive Characterization. The absorption and emission spectra of P1-6 and their corresponding peak maxima in dilute chloroform solutions are both similar to those of rr-P3HT (Table 1) , thus indicating that side-chain functionalization does not alter the effective conjugation length of the poly(thiophene)s. Additionally, the solution quantum yields and excited state lifetimes of P1-6 are also identical to those of commercial rr-P3HT
(within the error of each measurement). Spun-cast, annealed thin films of P1-6 (40 nm) displayed red-shifted absorption maxima and weak luminescence at room temperature, similar to rr-P3HT. However, unlike films of rr-P3HT, a characteristic "order peak" at 600 nm is not observed to evolve in the absorption spectra of neat thin films of P1-6. This optical "order peak" is assigned to interplane interactions in highly-ordered crystalline 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 regions of rr-P3HT; 32 therefore, the lack of an "order peak" in films of P1-6 indicates that side-chain functionalization of poly(thiophene)s hinders crystallization of polymer chains. 8 state lifetime of P5 was observed in the presence of PC 61 BM, which we ascribe to conformational changes in the polymer backbone induced by a triptycene-fullerene binding interaction.
X-Ray diffractograms of spun-cast and annealed films of P1-6 do not contain sharp diffraction signals and indicate that these neat polymer films are amorphous (see Supporting Information). This observation is consistent with the aforementioned absence of an "order peak" in the absorption spectra of thin films of P1-6.
However, diffractograms of rr-P3HT/PC 61 BM thin films containing up to 10 wt% of P1-6 reveal that the presence of up to 10 wt% of the additives does not hinder lamella formation within the rr-P3HT phase of the bulk film (see Supporting Information). Thus, we infer that the lower molecular-weight additives predominantly localize in amorphous regions within the rr-P3HT/PC 61 BM BHJ. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 BHJ Photovoltaic Devices. The motivation of this study is to determine if small amounts of designer polymers placed at the BHJ interface can influence the performance of an OPV device. In order to investigate the effect of side-chain functionalization on solar cell performance, we fabricate solar cells containing P1-6 in the active layer. Considering the disordered solid-state packing structure demonstrated by neat films of P1-6, we expected that these polymers would not perform well as majority donor materials in a solar cell; indeed, solar cells containing binary mixtures of P1-6 and PC 61 BM displayed poor power conversion efficiencies and diode rectification. Therefore, to test the performance of P1-6 as designer additives, we investigate OPVs containing ternary mixtures of rr-P3HT, P1-6 and a fullerene. Figure 1B values of 9.3 ± 0.2 mA/cm 2 and fill factors (FFs) of 0.52 ± 0.03. As can be seen in Figure 1B and leads to the highest increase in overall PCE (28% ± 4%) by increasing the J SC by 25% ± 3% while leaving the
The series resistance (R s ) of the devices, defined as the slope of the dark J-V curves at 0.6 V, is also lower in cells containing P1-6 compared to the reference P3HT/PC 61 BM device. This can be seen more clearly in the loglog representation of the dark J-V curves ( Figure 1D , inset), where higher dark injection currents are observed for devices containing P1-6 compared to P3HT/PC 61 BM. It is also evident from semilog plots of the dark J-V curves that the side-chain functionalized additives yield higher rectifying values compared to reference cells. a Series resistance, defined as dV/dJ of the dark J-V curve at V = 0.6 V. b Shunt resistance, defined as dV/dJ of the dark J-V curve at V = -0.1 -0 V.
The increase in the J SC upon adding 0.25 wt% side-chain functionalized poly(thiophene)s is also manifested as an increase in the external quantum efficiency (EQE) of the devices containing P1-6 (see Supporting Information). The increase in EQE cannot simply be attributed to an increase in light absorption because the absorption spectra and optical densities of 75 nm-thick films of P3HT/PC 61 BM with or without 0.25 wt% P1-6 are nearly identical (see Supporting Information). Therefore, this effect possibly originates from a decrease in the amount of charge recombination at the polymer-fullerene heterointerface. 33, 34 Specifically, the low mobilities or short lifetimes of free carriers (due to either recombination or trapping) are believed to limit the observed photocurrent in polymer solar cells. As seen in Figure 1E , polymer additives P1-6 consistently yield higher photocurrents in the square root regime (V 0 -V > 0.1V) compared to P3HT/PC 61 BM reference cells, thus suggesting that these side-chain functionalized additives decrease charge recombination. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 presence of 0.25 wt% P4 leads to a significant decrease in the V OC of the resulting solar cell and, therefore, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 Figure 3 shows the J-V curves of devices containing varying amounts of P1-6 in the active layer. Appropriate metrics for the various devices examined in Figure 3 are tabulated in the supporting information (Table S2 ). In general, when additives P1-6 are present in 0.25 wt%, higher PCEs are observed compared to a P3HT/PC 61 BM control. However, if greater than ca. 5 wt% of P1-6 is used, a decrease in the PCE is observed for all additives due to increased series resistances, which manifests as a decrease in both J SC and FF values. Similar observations of reduced performance have been noted for other macromolecular additives, [10] [11] [12] [13] [14] [15] and are attributed to a decrease in the carrier mobilities caused by phase segregation and significant disruptions of the BHJ morphology. Indeed, for higher doping concentrations an expected increase in the series resistance can be observed, consistent with reduced carrier mobilities.
The nanoscale morphologies of the polymer-PC 61 BM films are studied using tapping-mode atomic force microscopy (AFM). 37 Surface topography (left) and phase images (right) are taken for films containing 0 wt%, 0.25 wt% and 2.5 wt% P6 and are shown in In order to further characterize the effects of the side-chain functionalized additives on device performance in the absence of morphological factors, we fabricate layered solar cells. Specifically, devices containing discrete layers of P3HT, fullerene and a side-chain functionalized poly(thiophene) are studied to ascertain whether the side-chain moiety can introduce a dipole at the polymer-fullerene interface and thus increase the observed V OC . 38, 39 Our device structure is as follows: ITO / PEDOT:PSS / P3HT / additive / C 60 / Ca / Al ( Figure 5 ).
Discrete layers of P3HT and P1. P5, or P6 are obtained by first spin-casting a layer of P3HT from 1,2-dichlorobenzene and annealing it at 150 o C, then spin-casting a layer of the appropriate additive from dichloromethane (DCM) solutions. The procedure of using DCM as an orthogonal solvent for high molecular rr-P3HT has been previously reported. 40 The high molecular weight rr-P3HT used in this study is insoluble in DCM; however polymer additives P1-6 are solubilized by DCM, thus allowing for their deposition onto rr-P3HT with minimal layer mixing. A 50 nm-thick layer of C 60 , followed by layers of calcium (25 nm) and aluminum (80 nm) are then deposited by thermal evaporation under high vacuum.
Appropriate metrics for the devices examined in Figure 5 are tabulated in the supporting information (Table   S3) . Indeed, when a thin layer (15 ± 5 nm) of P1, P5 or P6 is introduced between layers of P3HT (40 nm) and C 60 (50 nm), a 3 mV, 13 mV and 51 mV increase, respectively, in the V OC of the solar cell is observed compared to P3HT/C 60 devices lacking an interlayer ( Figure 5 ). Furthermore, this increase in V OC is preserved upon thermally annealing the layered device, which encourages the formation of a planar-mixed heterojunction. 41, 42 In the case of the planar-mixed heterojunctions thus formed, higher J SC and FF values, in addition to increased V OC values, are observed in the presence of P5 and P6, similar to previous observations in ternary P3HT/PC 61 BM devices.
The calculated dipole moments (B3LYP 6-31G*) of the six isolated side-chain moieties found in P1-6 are provided in the supporting information ( Figures S5) . Additionally, the calculated dipole moments of the six sidechain functionalized thiophene repeat units found in P1-6 are provided in Figure S6 . The dipole moments of the side-chain functionalized repeat units contained in P1, P5 and P6 are calculated to be 0.52, 1.58 and 2.43 Debye, respectively. Therefore, the trend in the strength of the dipole moments within this family of additives qualitatively concurs with the trend in the V OC increase observed with additive interlayers. Additive P6 contains pentafluorophenyl ether side-chain moieties that display the largest isolated dipole moments and, correspondingly, leads to the largest observed increase in V OC in layered devices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Additive Regioregularity. Varying the regioregularity and the degree of substitution of the best-performing additive P6 significantly diminishes its ability to yield higher J SC values. Analogs of P6 with varying degress of disorder are synthesized (see Supporting Information for synthetic details) and studied as additives to the P3HT/PC 61 BM BHJ: a random but regioregular copolymer, P6a; a regioregular homopolymer P6b; and a random, regiorandom copolymer P6c ( Figure 6A ). The 1 H NMR signals of additives P6 and P6a-c in the diagnostic aromatic region are shown in Figure 6B ; as expected, increasing disorder in the polymer backbone leads to broadening of the aromatic signal at 6.8 ppm. PVs containing the random, regioregular copolymer P6a display lower J SC values compared to those containing the AB-alternating regioregular polymer P6 (averaged over eight devices, Figure 6C ). In the case of a regiorandom random copolymer, P6c, little effect on J SC values is Figure 7 (see the Supporting Information for other device metrics).
Notable increases in J SC in the presence of P6 are only obtained for polymer:fullerene ratios of 1:1, for both PC 61 BM and PC 71 BM. Previous studies have shown that for high molecular-weight, regioregular P3HT, a polymer fullerene ratio of 1:1 leads to optimal PCEs, 43, 44 consistent with the data presented in Figure 7 .
Active Layer Thickness. In order to investigate the effects of the best-performing additive, P6, on solar cells containing a thicker active layer, devices containing a 220 nm-thick bulk heterojunction are fabricated (see Figure S5 in the supporting information). It has been demonstrated that P3HT-PCBM bulk heterojunction solar cells should be approximately 220 nm-thick to achieve an optimal PCE of 4.5% -5%. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 8 . Diagram of the proposed nanoscale organization within (A) binary mixtures of rr-P3HT and PC n BM and (B) ternary mixtures of rr-P3HT, PC n BM and side-chain functionalized poly(thiophene)s P1-6. Additives P1-6 are proposed to selectively localize at the polymer-fullerene heterointerface and the aromatic moieties at side-chain termini are proposed to interact with the fullerene phase. Depending on the exact structure of the side-chain functional group, a dipole is introduced across the polymerfullerene heterointerface that decreases charge carrier recombination.
Discussion
A proposed model of the nanoscale organization within ternary blends of P1-6, rr-P3HT and PC n BM is depicted in Figure 8B . Based on the combined observations that additives P1-6 do not disrupt the crystallinity of the P3HT phase in ternary blends and that only AB-alternating regioregular analogs improve the performance of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 OPV devices, we propose that the side-chain functionalized additives selectively localize at the rr-P3HT-fullerene interface, likely in the amorphous region of P3HT where the P3HT domains contain approximately 20% (in volume) of PCBM. In recent years, several studies have revealed the importance of these regions and the effect they have in solar cell performance, since they highly influence the optoelectronic properties of the resulting hetrojunction. 4546 For this reason, the presence of additives in this region should have a large effect in solar cell performance.
Given the marked difference in steady-state quenching responses and solar cell performance metrics between polymers P1-6, we infer that aromatic moieties present at side-chain termini interact with fullerenes and that the exact nature and identity of the side-chain aromatic moieties influences the degree of this interaction. Since the presence of a side-chain functionalized poly(thiophene) layer leads to increased V OC values in layered devices, we conclude that aromatic moieties at side-chain termini are capable of inducing a dipole at the polymerfullerene interface. Moreover, we believe that this induced dipole is responsible for the increased charge carrier lifetimes and higher photocurrents observed in bulk heterojunctions containing side-chain functionalized poly(thiophene)s. Based on the results presented herein, we suggest that side-chain functionalization is an as-ofyet underexplored strategy to design polymeric additives that improve the power conversion efficiencies of polymer solar cells by fine-tuning charge transfer phenomena at the polymer-fullerene interface.
Conclusions
The motivation of this study is to determine if small amounts of designer additives placed at the polymer- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 wt% P1-6 in rr-P3HT/PC 61 BM blends does not disrupt the advantageous formation of P3HT lamellae within this ternary mixture. We propose that the regioregular additives P1-6 selectively localize at the interface between rr-P3HT and PC n BM such that the functional groups at side-chain termini interact with the fullerene phase. We believe that these side-chain aromatic moieties introduce a dipole at the polymer-fullerene interface, which decreases the rate of bimolecular recombination and, therefore, improves charge collection across the active layer in a bulk heterojunction polymer solar cell.
ether (3x, 50 mL), and the combined organic phases were washed with water (2x, 50mL), brine and dried over magnesium sulfate. After solvent removal, the resulting oil was purified by column chromatography. Device Characterization. Current density-voltage (J-V) measurements were recorded by a Keithley 6487 picoammeter both in the dark and under illumination. The devices were illuminated through the glass substrate using an Oriel 91191 150 W full spectrum solar simulator. The illumination intensity was calibrated to 100 mW/cm 2 using an NREL-certified silicon photodiode. Spectral mismatch was not corrected for in these measurements. For measurement of external quantum efficiencies, the sample was illuminated with opticallychopped broadband light from a 1000 W Xe lamp focused into an Acton Spectrapro 300i monochromator that underfilled the device area. A calibrated silicon photodetector was used to measure the optical power of the output, which was subsequently focused onto the device under study. A SRS-830 lock-in amplifier provided with the reference signal from the optical chopper (45 Hz) was used to extract a measurement of the AC photocurrent.
For the small-perturbation transient photovoltage measurement, a Newport LQD laser diode (λ 635 nm) driven by an Agilent 33220A function generator (11 Hz, 50% duty cycle) was used as a second light source to provide square wave modulated illumination. This illumination was filtered through a neutral density filter before reaching the device to ensure a small (<5 %) illumination perturbation. V OC decay transients were recorded on a
Tektronix TDS 3054B digital oscilloscope with a Tektronix ADA440A high impedance differential preamplifier.
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